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Until science discovered the chemical elements and the periodic 
table, there could be never be a chemical industry. Until they dis- 
covered the silicon chip, developing the know-how to create inte- 
grated circuits was out of the question. Perhaps all we need to 
spawn some new know-how is a mixture of know-what and know- 
that, together with the added "spice" of a little contact with some 
other clever thinkers.8 

Regrettably, it's not that simple. We must continue our little jour- 
ney along this road to know-ware, going beyond know-what and 
know-how to know-zujiether. Human decisionmaking involves a se- 
ries of choices. Know-whether involves evaluating the implica- 
tions of alternative decisions in order to find out whether the cho- 
Sen course of action was the best decision. Before choosing from 
among several alternative Courses of action, we harbor expecta- 
tions about the likely consequences of each different course. Once 
we've made our choice, however, we're "locked in" to it. Only at 
some later stage do we get additional feedback telling us about the 
wisdom of our choice. In other words, to know-whether requires 
feedback from the decision environment in which the choices are 
made. 

This subjective ability is a more sophisticated part of the behav- 
ioral repertoire of humans. It's one of those instincts that seems to 
set us apart from other living species. Although rats and pigeons 
may act expectantly, they cannot explicitly state an expectancy. Nor 
do we believe that they can really think about it. Different environ- 
mental conditions lead us not only to act differently but also to 
think differently. For example, being caught up repeatedly in traf- 
fic jams not only encourages us to travel off-peak or take the train 
instead but also makes us think about the future of the whole traf- 
fic system and whether our politicians are doing enough to im- 
prove it. 

Our economy needs science to develop know-what and know- 
that, primarily as ingredients for improving our know-how. Pro- 
duction always begins with know-how. There were no plastics one 
hundred years ago because we didn't know how to make them. 
Most managers and economic agents, however, rely on know- 
whether to make sound decisions. We'll reconfirm the need for 
careful distinctions between these elements of our personal know- 
Ware when we look at an example of adaptive learning on net- 
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works, which we call learning by circulating. For the moment, 
though, let's return to some conventional wisdom: how knowl- 
edge and learning have been treated in traditional economic 
theory. 

The Age of Deception 

We've emphasized that the conventional world of economics is 
mostly confined to the world of stasis. What does this imply in 
terms of human reasoning and behavior? Nothing very sophisti- 
cated. Among the most popular set of simplifying assumptions, a 
particular one tends to proliferate. Most theoretical reasoning in 
economics assumes that economic agents behave in a perfectly ra- 
tional manner; that is, they possess perfect, logical, deductive 
rationality. 

Deduction is reasoning from the general to the particular.9 A per- 
fectly logical deduction yields a conclusion that must be true pro- 
vided that its premises are true. Thus deduction involves specify- 
ing a set of axioms and proving consequences that can be derived 
from those premises. Sounds straightforward enough, doesn't it? 
The catch is that the premises must be complete, consistent, and 
well defined. As such, it's pretty easy to run into problems. Al- 
though deduction is handy for solving a host of theoretical prob- 
lems, it's much less helpful for tackling practical problems. Why? 
Because for premises to be complete, consistent, and well defined, 
the problem must be relatively simple. In an economic setting, for 
example, the problem must be simple enough for agents to know 
what's in their self-interest, to act in their self-interest, and to per- 
form the calculations needed to know the implications of alterna- 
tive decisions. In other words, they need to have the brainpower to 
figure out the optimal decision. 

A case in point is education. Farsighted parents plan ahead and 
deduce the amount of education that's economically feasible, both 
for their children and for themselves. Another example is housing. 
Potential buyers plan ahead and deduce the location, type, and 
amount of housing that they can afford. This is the kind of reason- 
ing, deduction, and analysis that is assumed in most areas of eco- 
nomics. It certainly can help in family planning and house pur- 
chases. Also it's well researched. Psychologists have accumulated 
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almost a century's worth of experiments based on deductive rea- 
soning.10 But is a deductive approach always sufficient to solve the 
full range of problems confronted in economics? To answer this 
question, let's See what's required in terms of know-ware. 

To reason deductively, economic agents need to have a complete 
Set of know-ware at their disposal. First, they need to know-what 
serves their best interest. Second, they need the know-how to act in 
their best interest. Third, they need know-whether in order to eval- 
uate the implications of alternative decisions and be Sure that they 
have chosen wisely. In brief, they must have perfect know-whaf, 
perfect knoiu-hoiu, and perfect ktiom-wkether. Their know-ware 
must be honed to perfection. This, of Course, is a very demanding 
condition. 

From the above, it's hardly surprising to find that deduction 
works well only on relatively simple problems. As Brian Arthur 
puts it, "If we were to imagine the vast collection of decision prob- 
lems economic agents might conceivably deal with as a bottomless 
sea or ocean, with the easier ones on top and more complicated 
ones at increasing depth, then deductive rationality would de- 
scribe human behavior only within a foot or two of the surface."ll 
Before we tackle economic problems, let's visualize where various 
games might be found as we dive to various depths. Simple 
games-like tic-tac-toe-are readily solved by a deducible mini- 
max solution. In everyday terms, this means that the human brain 
is quite capable of figuring out the "best" moves on a game board 
consisting of only nine squares. The best moves are the ones that 
leave your opponent in the worst possible situation. Thus a way of 
testing for goodness is to pretend you've made the move, then 
evaluate the board from your opponent's viewpoint. Meanwhile, 
your opponent is doing the Same. He or she mentally runs through 
all possible moves and evaluates them from what he thinks is yoirr 
viewpoint . 

Note that we've defined our best move recursively, using the 
maxim that what's best for one side is worst for the other. It's re- 
cursive because it operates by trying a move and then calling on it- 
self in the role of opponent. Since recursion can go on several 
moves ahead, it's possible to figure out the best strategy to adopt 
and the likely result in a game of tic-tac-toe. Each move generates 
its own "look-ahead tree," with the move itself as the trunk, your 
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FIGURE 2.1 The branching tree of moves and responses in the game 
of tic-tac-toe. 

opponent's responses as main branches, your counter-responses as 
subsidiary branches, and so On. In Figure 2.1, I've shown the look- 
ahead tree corresponding to the first few moves of a game. 

Let's See how the minimax solution can be deduced. If you move 
first, your best move is to choose the central square, thus limiting 
your opponent's opportunities of scoring three noughts in a row to 
just four possibilities-two horizontally and two vertically. At the 
Same time, you've secured four ways of winning in two additional 
moves. Choosing any other opening move offers your opponent 
more opportunities to win and secures fewer ways for you to win. 
Your opponent's best response to your opening move is to choose 
any one of the four corner squares. Then the game will finish in a 
draw. However. if your opponent doesn't choose a corner square, 
then you'll win the game.12 

If each player always chooses their best move, the game's out- 
come can be deduced in advance. This is a rather pleasing result. In 
exchange for a well-defined decision problem, we get back a well- 
defined solution. The recursive solution invokes a logic that is re- 
lentless and consistent. It acts step by step on premises that are well 
defined. It's also self-consistent and self-enforcing, in the sense that 
if your opponent behaves according to the deductive solution (i.e., 
chooses his/her best move), then it would not be in your best inter- 
est to do otherwise. If the best moves are implemented properly, 
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the drawn outcome confirms the deductions that went into it. It's a 
rational expectations equilibrium. 

Because we can deduce the likely outcome to a game of tic-tac- 
toe after the first few moves, we can think of its logic as lurking 
just below the surface. We'd need to dig a little deeper, however, to 
catch a glimpse of games like checkers or Quads.13 Owing to larger 
board sizes (Quads = 36 squares; checkers = 64 squares), it takes 
longer to figure out the likely outcome. In other words, we can't 
deduce the perfectly rational solution. Not only are the choices of 
moves more numerous, but our best moves depend more and 
more on the moves of our opponent. Neither our best strategy nor 
the likely outcome are deducible in advance. There are simply too 
many possible branches in the corresponding look-ahead trees. 

Deduction has no chance whatsoever when we finally reach the 
game of chess (see Figure 2.2). Something else is needed in even 
greater doses at these deeper levels. It's really an art to figure out 
how to avoid exploring every branch of a look-ahead tree out to its 
very tip. Good chess players seem to excel at this art. Or do they? 
The funny thing is that top-level players look ahead relatively lit- 
tle, especially if compared to chess programs. Until Deep Blue's 
success against Gary Kasparov, people were superior as chess 
strategists. We'll come back to the issue of the best chess strategy 
shortly. 

Why, then, does deductive rationality fail us when we're faced 
with more complicated decision problems? Three reasons spring to 
mind. The obvious one is that beyond a certain degree of compli- 
catedness, our logical apparatus ceases to cope. In other words, our 
rationality is bolrnded. Social scientists have been aware of this 
problem ever since Herbert Simon suggested "satisficing" as a way 
of describing less-than-logical behavior in some decision situa- 
tions. But Simon's notion of satisficing is too vague to be adopted 
as a practical method for solving complicated problems. Of late, 
economists have joined the search for something to put in place of 
deductive rationality. When we look into the growing literature on 
bounded rationality, however, there seems to be little agreement on 
a suitable successor. 

The second reason for the deductive mode to break down is 
more ominous. In interactive decision situations, where the ratio- 
nality of one agent's decision is dependent on the strategy of other 
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FIGURE 2.2 Simple and complex games. 

agents, there are no guarantees that each agent will toe the line, 
that is, behave with perfect rationality. Instead agents may be 
forced to guess the behavior of other agents. Suddenly they're 
plunged into a world of subjective beliefs, and subjective beliefs 
about subjective beliefs. Complete, consistent, well-defined prem- 
ises are impossible under these conditions. Deductive reasoning 
breaks down for one very significant reason: The problem has be- 
come ill defined. 

A third reason is just as devastating. Even if one agent guesses 
the behavior of others correctly at one point in time, there are no 
guarantees that this success will ever be repeated. In complex eco- 
nomic situations, agents learn and adapt differently. Thus future 
guesswork becomes more difficult. The evolutionary paths traced 
out by each agent are not familiar to other agents. Nevertheless, 
agents still make decisions in situations that are fuzzy or ill de- 
fined. What's even more surprising is that we seem to make them 
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quite comfortably under such conditions. Perhaps we don't realize 
that the problem is ill defined. But it's clear that we no longer rea- 
son deductively. A different kind of decisionmaking process comes 
to the rescue. To find out what it is, we must return to psychology. 

Let's begin with some basics from modern psychology that 
touch upon our area of interest. Aside from suggesting that we're 
creatures of habit, psychologists claim that we make use of three 
varieties of reasoning: calculation, deduction, and induction. As 
we've just learned, deductive logic is useful only in simple circum- 
stances, like the family plarming or residential choice examples we 
mentioned. What we're very good at, however, is recognizing or 
matching patterns. 

When things get too complicated for our deductive powers, we 
seem to undergo a cognitive shift to the other side of our brain. 
Psychologists tell us that the right-hand side handles pattern 
recognition, as well as intuition, synthesis, and creative insights. 
By putting a combination of these processes to work, we use the 
perceived patterns to fashion temporary constructs in our mind. 
We can call these constructs nzental nlodels or lzypotheses. Once we 
have a set of such hypotheses firmly in our mind, they assist us to 
carry out "localized" deductions and act upon them. 

But the whole process doesn't finish there. Our observations and 
experiences provide us with feedback from the decision environ- 
ment; feedback may alter the patterns we perceive, strengthening 
or weakening our confidence in our current set of hypotheses. 
What we're doing, of Course, is trying to improve our ability to 
make prudent decisions; upgrading our know-whether, so to 
speak. We discard hypotheses that have proved to be unreliable, 
replacing them with new ones. We retain others. Wherever we lack 
full definition of the problem, we devise simple hypotheses to pa- 
per over the gaps in our understanding, and we act on the best of 
these. This kind of behavior is not deductive. It's indilctive.14 

If all of this sounds a little complicated, that's hardly surprising. 
Inductive reasoning is complicated. Even the psychologists don't 
fully understand it. Luckily, we can picture the inductive mind at 
work in a setting we've mentioned already: a chess game. In the 
1940s, the Dutch psychologist Adrian de Groot studied how chess 
novices and grand masters perceive a chess situation. He found 
that grand masters don't simply look further ahead than novices. 
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Instead, they sharpen their intuition by studying the board's con- 
figuration and trying to discern chunks or patterns. In other words, 
they develop their own mental model of the board.15 Then they 
use the perceived patterns and their mental model to form hy- 
potheses about their opponent's likely motives and strategies. 

Chess openings are definitive patterns of play formed in the first 
dozen or so moves.16 The leading players can even recall their op- 
ponents' favorite openings from previous games. "He's offering 
me the Queen's Gambit again." "Isn't this the Catalan opening?" 
"That looks like the modern Dragon Variation of the Sicilian de- 
fense." Good players carry out local deductions based on these 
mental models, analyzing the implications of alternative moves 
and their subsequent responses. As play proceeds, they hold onto 
the most plausible hypotheses and toss away the others, replacing 
them with new ones as the state of the game dictates. 

Clearly then, chess players engage in a sequence of reasoning 
that's inductive. This includes pattern formation, pattern recogni- 
tion, hypothesis formation, deduction using the currently held hy- 
potheses, and hypothesis replacement as dictated by the pattern of 
play that unfolds (see Figure 2.3). Seasoned players build on their 
experiences from earlier games. Chess is a strongly interactive 
game because players learn only ~iiiring tlle ganze which of their hy- 
potheses work best. It involves ailaptive learrzirlg rather than infor- 
mation processing. Each player's strategy evolves partly in re- 
sponse to the evolutionary path chosen by his opponent. Neither 
player can afford to adopt a fixed strategy. They must be flexible 
and "roll with the punches," so to speak. In a word. strategies need 
to be coevolutionary. 

It's interesting to note that Hermann Haken, founder of the field 
of synergetics, believes that the kinds of pattern recognition used in 
chess are closely associated with pattern formation. Synergetics is a 
general theory of self-organization. Although its generality comes 
from timescale Separation and a slaving principle, the formalism of 
synergetics allows us to calculate evolving patterns, provided the 
microscopic laws for the formation of patterns are known.17 Take 
another look at Figure 1.1 (near the start of the book). Interestingly, 
neither birds nor antelopes can be perceived all the time. After a 
while, one image fades away, allowing the brain to perceive the 
other interpretation. Some kind of oscillatory process sets in. 



FIGURE 2.3 The game of chess as an exercise in inductive reasoning. 
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Haken believes that decisionmaking can be regarded as pattern 
recognition. Like grand masters staring at a chessboard, all of us 
search for a resemblance between a situation that we now confront 
and one that we have met before. To do this, we establish a "simi- 
larity measure" in our minds, which allows us to choose a Course 
of action that is the best under the given information. Haken and 
his colleagues have mimicked this pattern formation process in- 
side their "synergetic computer." Thus they're also adopting an 
inductive approach to decisionmaking. 

Because it's closely connected with learning and adaptation, in- 
ductive behavior sits firmly in the world of morphogenesis. In eco- 
nomics, the popular interpretation of "rational" behavior connotes 
behavior that's sensible or sound-minded. Deductive reasoning is 
sensible or sound-minded only in fairly simple, well-defined prob- 
lems. Once a situation gets too complicated or ill defined, like in a 
chess game, an intelligent Person begins to reason inductively. In- 
duction enters the scene whenever someone has to derive a whole 
solution from partial information. In the social sciences, for exam- 
ple, induction is widely used in the analysis of opinion surveys 
and macroeconomic data. 

Surprisingly, there's now a third way of doing social science. It 
corresponds to the third mode of reasoning cited by psychologists: 
calculation. But the calculations are done by machines instead of 
humans. This growing focus on calculation goes by the name of 
agent-based comprlter modeling or simulation. Like deduction, agent- 
based simulation starts off with a set of assumptions. Unlike deduc- 
tion, however, it doesn't prove theorems. Instead, an agent-based 
model generates simulated data that can be analyzed inductively. 
But the simulated data come from a rigorously specified set of rules 
rather than from direct measurements of the real world. 

Whereas the purpose of deduction is to find consequences of as- 
sumptions, and that of induction is to find patterns in data or real- 
world experiences, agent-based modeling is a way of doing 
thought experiments that help to sharpen our intuition.18 The ex- 
amples to be discussed in this and later chapters have the same col- 
lective properties as those we found in Schelling's segregation 
model. Locally interacting agents can produce large-scale effects, 
most of which turn out to be far from obvious. 
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Economists have pushed the assumption of deductive reasoning 
beyond its limits. In doing so, they've locked most of us into the 
world of stasis. But this frozen world is only a tiny part of the whole 
universe of economic behavior. From an intellectual viewpoint, 
we've been trapped in an era of tomfoolery. We might even call it the 
"Age of Deception." Fortunately a new light is glowing in the dis- 
tance. The source of this light is a group of social scientists who just 
happen to believe that human agents reason inductively and adap- 
tively. Furthermore, they also believe that agent-based simulation 
represents a promising new way of doing social science, one that can 
help us to unravel some of the complexities of human behavior. The 
search for a new age of human enlightenment is now underway. 

Seeing the Light at the EI Farol 

E1 Farol is a bar on Canyon Road in Santa Fe, which offered Irish 
music every Thursday evening. Having been born in Belfast, Brian 
Arthur was fond of going to hear the music and to enjoy a few 
beers in a relaxed atmosphere once a week. But soon he encoun- 
tered a thorny problem. If the bar was too crowded, the chances of 
brushing up against a few too many pushing-and-shoving bar 
louts were high. This would spoil the night and cause him to think 
twice about going the following Thursday. Arthur realized that he 
needed a more reliable method of deciding whether the bar was 
likely tobe overcrowded each coming Thursday night. 

The reader might like to ponder this problem for a moment. As 
we'll See shortly, it turns out to be an instructive example of a com- 
plex adaptive system. To make it more concrete, let's suppose that 
there are one hundred people in Santa Fe who, like Arthur, are 
keen to go to the E1 Farol on Thursdays. Space is limited, and 
everyone enjoys themselves if the bar is not too crowded. A crowd 
beyond sixty is thought to be excessive. The tricky thing is that 
there's 110 way of telling beforehand how many will come. A per- 
son simply goes if he expects fewer than sixty to turn up or stays 
home if he expects more than sixty to show. 

Arthur has highlighted two interesting aspects of this problem. 
First, if there were an obvious model that all agents could use to 
forecast bar attendance, then a deductive solution would be possi- 
ble. But there's no such model. Irrespective of past attendance fig- 
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ures, a wide range of plausible hypotheses could be adopted to 
predict future attendance. This dastardly multiplicity of possibili- 
ties means that nobody can choose in a well-defined manner. The 
problem becomes ill defined and all the potential bar attendees are 
catapulted into a world of induction. 

Second, any shared expectations will tend to be broken up. If all 
music lovers believe most will go, then ~iobody will go. But by all 
staying home, that common belief will be destroyed immecliately. 
On the other hand, if all of them believefezil will go, then nll will go, 
thereby undermining that belief. The net result of this diabolical 
state of affairs is that expectations must differ. 

Perplexed yet fascinated by this intractable problem, Arthur de- 
cided to turn his computer loose on it.19 By creating a surrogate E1 
Farol bar inside his machine to study how electronic music lovers 
would act in this situation, he stepped into the exciting new realm 
of agent-based computer simulation. All of his music-loving 
"agents" were given Thursdays' bar attendance over the past few 
months. For example, typical attendance figures might be: 

With this information at hand, each electronic agent has to keep 
track of a different subset of predictors (or hypotheses). He opts to 
go or stay home each Thursday according to the currently most ac- 
curate predictor in his set. Typical predictors might include the 
following: 

the Same number as last week's (35) 
a mirror image around 50 of last week's (65) 
a rounded average of the last four weeks (38) 
the Same as two weeks ago (22) 

Once decisions have been taken, surrogates converge on the sili- 
con bar and a new attendance figure is recorded. Each Person reex- 
amines the accuracy of his ,set of predictors, replacing the poorer 
ones with more reliable predictors. Then the whole decision 
process is repea ted. 

The set of predictors deemed most credible and acted upon 
by potential bar attendees-which Arthur calls the set of nctizw 


